Vibrio vulnificus is a halophilic estuarine bacterium which causes fatal septicemia and necrotizing wound infections, especially in patients with hepatic disease, heavy alcohol drinking habits and hemochromatosis. V. vulnificus septicemia is characterized by rapid and fulminant progression, and results in a high mortality rate of over 50%. 1) Several bacterial components have been suggested to be virulence factors of V. vulnificus.
1)
Several bacterial components have been suggested to be virulence factors of V. vulnificus. 2, 3) Of these, an extracellular hemolysin or cytolysin (VvhA) and an extracellular protease (VvpE) have been the most extensively studied factors. VvhA, the most potent exotoxin, kills mice and shows a variety of biological activities including hemolysis or cytolysis, apoptosis, vasodilatation, and so on. [4] [5] [6] [7] [8] In animal studies, the injection of purified VvhA reproduces the same pathological manifestations of septicemia as caused by the injection of live bacteria. 4, 9, 10) VvpE also exhibits a host of biological activities including dermonecrosis, edema, and ulceration, and increased vascular permeability. [11] [12] [13] [14] However, the pathogenetic significance of both VvhA and VvpE has been brought into serious doubt by mouse-lethality studies of VvhA-and/or VvpE-deficient mutants. [15] [16] [17] The inactivation of vvhA gene does not affect the mouse-lethality. This raises the possibility that only very small amounts of VvhA may be produced in vivo, 18, 19) and the produced VvhA may be rapidly inactivated by host factors such as cholesterol and bacterial factors such as VvpE. 5, 16, [20] [21] [22] Therefore, in order to evidently determine the pathogenetic roles of VvhA, further detailed studies regarding the in vitro and in vivo production and inactivation of VvhA are necessary.
Physiologically, VvhA is produced in the early growth phase, and becomes abruptly inactivated in the late growth phase with the concomitant production of VvpE. Accordingly, it has been classically believed that the inactivation of VvhA is attributable to the destruction of VvhA by VvpE. 9) Recently, it has also been reported that the activity of VvhA in the culture supernatant of a VvpE-deficient mutant was twice that of the wild-type strain, and persisted for a much longer period, suggesting that VvhA might be a substrate of VvpE. 16) However, direct evidence for the destruction of VvhA by VvpE has never been presented. From the standpoint of evolution, some doubt also exists as to whether VvhA is destroyed by VvpE or other proteases. In addition, if VvpE or other proteases can destroy and inactivate VvhA, the routine functional assay measuring hemolytic activity using red blood cells (RBC) may not reflect the actual production of VvhA. In this study, therefore, we attempted to obtain direct evidence for the inactivation of VvhA in the late growth phase. Surprisingly, we observed that the inactivation of VvhA was due to the novel oligomerization of VvhA by unknown mechanism, but not to the destruction of VvhA by VvpE.
MATERIALS AND METHODS
Media, Bacterial Strains, Plasmids, and Primers 2.5% NaCl-Heart Infusion (HI; Difco) and Luria-Bertani media were used to cultivate V. vulnificus and E. coli, respectively. In order to select transconjugants, we used thiosulfate citrate bile salt (TCBS: Difco) agar with 20 mg/ml of ampicillin (Sigma) and 2.5% NaCl-HI agar with 10% sucrose (Sigma). In order to screen protease production, we used 2.5% NaCl-HI with 0.8% skim milk (Difco). Bacteria, plasmids, and primers used in this study are listed in Table 1 .
Construction of vvpE In-Frame Deletion Mutant A vvpE-deletion mutant (CMM1049) was constructed by allelic exchange with the R6K origin suicide vector pCVD-442. 23) Using the primers pro5, pro6, pro7 and pro8, the two fragments with 795-bp and 536-bp from the 5Ј end and 3Ј end of vvpE ORF were amplified, respectively. By cloning the two PCR products into the TOPO TA cloning vector (pCMM1047), a 1.3-kb fragment of vvpE with deleted internal sequences was prepared. The fragment was then subcloned into pCVD442 and transformed into E. coli SY327-lpir by electroporation. An ampicillin-resistant transformant Ampicillin-resistant transconjugants were selected on TCBS agar with ampicillin (20 mg/ml), and subcultured on 2.5% NaCl-HI agar with 10% sucrose. Finally, sucrose-resistant and ampicillin-sensitive transconjugants (CMM1049) were selected. The disruption of vvpE was confirmed by PCR using the pro5 and pro8 primers and screened for the inability to produce protease on 2.5% HI agar with 0.8% skim milk (data not shown). The ability to produce VvpE was recovered to the level of its wild type strain by in trans-complementation of vvpE by a suitable plasmid carrying the open reading frame of vvpE gene (data not shown). Growth Condition and Monitoring, b b -Galactosidase Assay, Hemolysin Assay, and Protease Assay The bacteria grown in 2.5% NaCl-HI broth at 37°C for 12 h were inoculated into fresh 2.5% NaCl-HI broth to the concentration of 1ϫ10 6 cfu/ml, and then cultured with vigorous shaking (220 rpm) at 37°C for 24 h. Culture aliquots were taken at appropriate time intervals to monitor bacterial growth, and to measure b-galactosidase activity. Bacterial growth was monitored by measuring OD 600 (DU530, Beckman Coulter). b-Galactosidase activity was measured as described by Miller. 24) Culture supernatants were obtained by centrifugation (10000 rpm, 5 min) of the culture aliquots at the same time intervals. Hemolytic activity was measured using fresh human RBC as described by Hor group. 16, 17) Protease activity in the culture supernatants was measured as described by Kreger and Lockwood. 25) Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) Total RNA was extracted from the pellets of MO6-24/O strain grown in the 2.5% NaCl-HI broth with the easyBlue TM reagent (iNtRon Biotechnology, Korea). One microgram of total RNA was reversely transcribed and amplified using One-Step RT-PCR PreMix (iNtRon Biotechnology). The vvhA-specific primers targeting 222-bp of internal sequence of vvhA were used. 19) Amplified DNA was stained with ethium bromide.
Inactivation of Vibrio vulnificus Hemolysin by Oligomerization but Not Proteolysis
Production of Anti-VvhA Body Anti-VvhA serum was obtained from a New Zealand White rabbit which had been immunized by His-VvhA fusion proteins. The open reading frame of vvhA was amplified using the VvhA-his1 and VvhA-his2 primers. The PCR product was digested with NcoI and XhoI, and was directly cloned into the pET22b (ϩ) plasmid. The resulting plasmid was transformed into E. coli BL21-Codon Plus (DE3)-RP (Stratagene), and the expression was induced by isopropyl-b-D-thiogalactopyranoside (IPTG; Sigma). The expressed His-VvhA protein was analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and subsequent Coomassie staining. The gel slices containing the pure band of insoluble fusion protein were frozen in liquid nitrogen and ground in a mortar. The resulting powder was suspended in PBS and completely mixed with an equal volume of complete Freund's adjuvant (Gibco BRL). A rabbit was immunized intradermally at a 3-week interval. One week after the last booster immunization, the serum was obtained and its antibody titer was tested.
Native-PAGE, SDS-PAGE, and Western Blotting For native-PAGE, the culture supernatants (20 ml) were mixed with the sample buffer not containing SDS and mercaptoethanol, and were allowed to react at room temperature for 5 min. For SDS-PAGE, the same volumes of the culture supernatants were mixed with the sample buffer containing SDS and mercaptoethanol, and were then heated for 5 min. The mixture was electrophoresed on 10% running gel. After electrophoresis, proteins were transferred to nitrocellulose membranes. The membranes were incubated with blocking solution (10 mM Tris, 150 mM NaCl, 3% skim milk) at 4°C overnight, allowed to react with rabbit polyclonal anti-VvhAbody (500 : 1 diluted in blocking solution) and with gout anti-rabbit-IgG (Fc)-body conjugated with horseradish peroxidase (1000 : 1 diluted in PBS; Sigma), and finally visualized with diaminobenzidine and H 2 O 2 .
RESULTS AND DISCUSSION
The growth of V. vulnificus strains in the 2.5% NaCl HI broth was shown in Fig. 1A . The expression of VvhA was initiated two hours after the initiation of culture, and the expression of VvpE began ten hours after the initiation of culture (Fig. 1B) . Similar result was also observed when RT-PCR was performed (Fig. 3C) . It has been well-established that vvhA is expressed in the early growth phase and vvpE is expressed in the late growth phase via quorum-sensing system to play an important role in this coordination. 26) However, this well-coordinated expression of the two genes alone can not demonstrate the destruction of VvhA by VvpE.
The hemolytic activity in the culture supernatants was dramatically elevated beginning two or four hours after the initiation of culture, reached maximal levels after 6 or 10 h, and (Fig. 2A) . Proteolytic activity in the same culture supernatants began to be detected at 10 or 12 h. The hemolytic activity of the VvpE-deficient mutant (CMM1049) and the proteolytic activity of the VvhAdeficient mutant (CVD707) were more robust than those of the wild-type strain (MO6-24/O). These differences were thought to result primarily from the differences in growth characteristics (Fig. 1A) . The hemolytic activity was not detected in the VvhA-deficient mutant, whereas the remaining proteolytic activity was detected even in the VvpE-deficient mutant. The residual proteolytic activity of the VvpE-deficient mutant was thought to result from the action of unidentified proteases other than VvpE. 27) These results were somewhat inconsistent with other researchers' results, in which the hemolytic activity of a VvpE-deficient mutant was twice higher and persisted for a much longer period than that of a wild-type strain. 16) Nevertheless, judging from only these functional assay results, the inactivation of VvhA in the late growth phase appeared to be associated with the production of VvpE or other proteases. 5) However, only the low residual proteolytic activity was insufficient to explain the same abrupt inactivation of VvhA in the VvpEdeficient mutant as in the wild-type strain.
Accordingly, in order to ascertain whether the abrupt VvhA inactivation in the late growth phase was due to the destruction of VvhA by unidentified proteases other than the VvpE, or whether other mechanisms were involved in the abrupt VvhA inactivation, we performed Western blot using polyclonal anti-VvhA-body after electrophoresing the culture supernatants on SDS-PAGE. Interestingly, we could not detect the destructed products of VvhA at all (Fig. 2B) ; instead, we observed the oligomerization of VvhA (more than 250 kDa) simultaneously with the disappearance of the VvhA monomer (about 56 kDa) (Fig. 3B) . The hemolytic activity (Fig. 2) was correlated with the remaining amount of VvhA monomer, and reversely correlated with the oligomerized amount of VvhA. When the ratio of oligomer/monomer was evaluated numerically by UN-SCAN-IT gel (Automated Digitizing System ver. 4.1, Silk Scientific Cor., U.S.A.), the ratio began to be dramatically increased at 14 h (Fig. 2C) , and was consistent with the abrupt decline of hemolytic activity. Similar phenomena were also reproducibly observed in other laboratory stock strains (nϭ10, data not shown). This oligomer- The bacteria were inoculated into the 2.5% NaCl-HI broth to the concentration of 1ϫ10 6 cfu/ml, and then cultured with vigorous shaking (220 rpm) at 37°C for 24 h. Culture aliquots were withdrawn at the indicated time intervals, and bacterial growth was monitored by measuring OD 600 of the culture aliquots.
(B) Transcription of vvhA and vvpE b-Galactosidase activity (miller unit) was measured in the culture aliquots.
Fig. 2. (A) Hemolytic and Proteolytic Activities
The growth of Vibrio vulnificus MO6-24/O (wild type), CMM1049 (VvpE-deficient), and CVD707 (VvhA-deficient) is shown in Fig. 1 . Culture supernatants were obtained at the indicated time intervals. Hemolytic and proteolytic activities in the culture supernatants were measured using 1% human RBC solution.
(B) Production of VvhA and Its Inactivation by Oligomerization SDS-PAGE and Western blots using the same culture supernatants (20 ml) were performed.
(C) Ratio of Oligomer/monomer of VvhA Derived from B ization of VvhA seen in a routine bacterial culture medium was the first-observed phenomenon. Therefore, in order to confirm this novel oligomerization of VvhA, we performed Western blot following native-PAGE. The oligomerization of VvhA (more than 150 kDa) was also evidently observed on native-PAGE (Fig. 3B) with the abrupt decline of hemolytic activity in the culture supernatants (Fig. 3A) . Another notable thing was that the ratio of oligomer/monomer was gradually increased with the loss of hemolytic activity although all samples were electrophoresed under the same condition and on the same gel (Figs. 2B, C and Fig. 3B ). The greater amount of VvhA was produced, the more aggregation of VvhA occurred. These results indicated that VvhA continued to be expressed even in the late growth phase as shown in Fig. 3C , and the produced VvhA continued to accumulate during the culture without the proteolytic cleavage of VvhA by VvpE and other proteases. The reason why small amount of VvhA seemed to remain on SDS-PAGE (Fig. 2B ) after the hemolytic activity had completely disappeared ( Fig. 2A) was thought to be due to the partial dissociation of oligomer by SDS and mercaptoethanol. This dissociation was not observed on native-PAGE (Fig. 3B) . A similar phenomenon was observed by others' result, 5) in which the aggregated VvhA more than 250 kDa occurred in a not-reducing condition and dissociated in a reducing condition.
As the VvhA oligomer observed in this study was different to the cholesterol-mediated oligomerization (tetramer, about 210 kDa) of VvhA, 20, 21) we can not state clearly as to whether the oligomerization of VvhA occurs spontaneously, or is mediated by unknown components of the HI broth or by unknown products derived from dying V. vulnificus in the late growth phase. Nevertheless, our results evidently demonstrate that the hemolytic activity of VvhA in the late growth phase is inactivated by the oligomerization of VvhA, but not by the proteolytic cleavage of VvhA by VvpE or other proteases as believed previously. In addition, our results indicate that the routine functional assay measuring hemolytic activity using RBC is unable to reflect the actual production of VvhA. Therefore, immunological methods, including Western blot, are clearly required for the measurement of actual VvhA production. Fig. 3 . (A) Growth and Hemolytic Activity MO6-24/O strain was cultured in the 2.5% NaCl-HI broth, and culture aliquots and culture supernatants were obtained at the indicated time intervals. Bacterial growth was monitored by measuring OD 600 of the culture aliquots. Hemolytic activity in the culture supernatants were measured using 1% human RBC solution.
(B) Oligomerization of VvhA Native-PAGE and Western blot using the same culture supernatants (20 ml) were performed.
(C) Transcription of vvhA by RT-PCR One microgram of total RNA from the culture aliquots and the vvhA-specific primers targeting 222 bp of the internal sequence of vvhA were used.
